Podocyte depletion leads to glomerulosclerosis, but whether an impaired capacity of podocytes to respond to hypertrophic stress also causes glomerulosclerosis is unknown. We generated transgenic Fischer 344 rats that express a dominant negative AA-4E-BP1 transgene driven by the podocin promoter; a member of the mammalian target of rapamycin complex 1 (mTORC1) pathway, 4E-BP1 modulates cap-dependent translation, which is a key determinant of a cell's hypertrophic response to nutrients and growth factors. AA-4E-BP1 rat podocytes expressed the transgene and had normal kidney histology and protein excretion at 100 g of body weight but developed ESRD by 12 months. Proteinuria and glomerulosclerosis were linearly related to both increasing body weight and transgene dose. Uni-nephrectomy reduced the body weight at which proteinuria first developed by 40%-50%. The initial histologic manifestation of disease was the appearance of bare areas of glomerular basement membrane from the pulling apart of podocyte foot processes, followed by adhesions to the Bowman capsule. Morphometric analysis confirmed the mismatch between glomerular tuft volume and total podocyte volume (number 3 size) per tuft in relation to weight gain and nephrectomy. Proteinuria and glomerulosclerosis did not develop if dietary calorie restriction prevented weight gain and glomerular enlargement. In summary, failure of podocytes to match glomerular tuft growth in response to growth signaling through the mTORC1 pathway can trigger proteinuria, glomerulosclerosis, and progression to ESRD. Reducing body weight and glomerular growth may be useful adjunctive therapies to slow or prevent progression to ESRD.
A direct causative relationship exists between degree of podocyte depletion and the development of proteinuria and glomerulosclerosis. [1] [2] [3] [4] [5] Furthermore, once a critical degree of podocyte depletion has occurred, angiotensin II-dependent glomerular destabilization supervenes, such that glomeruli continue to lose podocytes in association with progressive glomerulosclerosis (FSGS) until glomeruli become globally depleted of podocytes at ESRD. 6 These concepts account for how progression can be triggered and sustained after a critical degree of podocyte injury and loss. However, they do not account for why growth-associated processes, such as obesity, large body size, glomerulomegaly, and nephronopenia, can trigger FSGS or for why FSGS is particularly prevalent during phases of rapid body growth in childhood and adolescence. If podocyte depletion is a common mechanism underlying glomerulosclerosis, then growth itself may be able to trigger podocyte depletion, leading to progression in susceptible individuals.
One mechanism for how glomerular growth could result in relative podocyte depletion would be if podocytes have limited capacity to increase in number and size, while other glomerular cells do not, thereby resulting in a "mismatch" between glomerular tuft volume and total podocyte complement (number 3 average cell volume). 7, 8 To test this hypothesis directly, we developed a transgenic rat whose podocytes have limited capacity to respond to hypertrophic stress.
Cell growth is driven by growth factors and nutrition through the mammalian target of rapamycin complex 1 (mTORC1) pathway and downstream via both 4E-BP1 and S6 kinase-dependent mRNA translation. 9, 10 The mTORC1 pathway is essential for normal podocyte function. 11, 12 4E-BP1-regulated CAP-dependent translation can be retarded using a dominant negative AA-4E-BP1 transgene in which threonine residues (37 and 46) critical for 4E-BP1 phosphorylation and activation are mutated to alanine. 13 AA-4E-BP1 transgene expression causes reduced cell size in culture. 10 To impair podocyte response to hypertrophic stimuli, we therefore expressed the AA-4E-BP1 transgene specifically in podocytes of Fischer 344 rats under control of the podocin promoter. Body growth on an ad libitum diet and nephrectomy, known to increase glomerular capillary number and surface area, 14, 15 were used to stress wild-type and transgenic rats to bring out the underlying principles.
RESULTS

Glomerular Volume Is Directly Related to Body Weight
Glomerular volume increases in relation to body weight gain in wild type Fischer 344 intact rats ( Figure 1 ). Podocyte volume also increases but does not increase in proportion to glomerular volume ( Figure 1 ). If the "mismatch hypothesis" is correct, then impairing podocyte capacity to respond to hypertrophic stress should result in accelerated proteinuria and FSGS in relation to growth.
AA-4E-BP1 Is Expressed by Podocytes of Transgenic Fischer 344 Rats
Transgenic AA-4E-BP1 rats, but not wild-type Fischer 344 rats, expressed human 4E-BP1 in their podocytes ( Figure 2A ). Western blot of isolated glomerular extracts demonstrated hypo-phosphorylated 4E-BP1 bands in both heterozygous and homozygous transgenic rats, along with expression of the human 4E-BP1 protein; these were not seen in wild-type rat glomerular extracts ( Figure 2B ). Thus, the human AA-4E-BP1 was expressed by transgenic rat podocytes.
Heterozygous AA-4E-BP1 Rats at 100-g Body Weight Are Structurally and Functionally Normal, Whereas Homozygous Rats Have Smaller Podocytes and Glomerular Tufts By 100-g body weight, transgenic rats were normal in appearance, had no increase in proteinuria ( Figure 3A) , were not hypertensive, had normal histologic features of the kidney by light microscopy ( Figure 4A ), and had no abnormality detected by scanning electron microscopy (SEM) and transmission electron microscopy (TEM) ( Figure 2C ). Morphometric examination at 100-g body weight showed no difference between wild-type and heterozygous rats, but homozygous rats had a smaller glomerular volume, a smaller total podocyte volume made up of smaller podocyte volume, and slightly reduced podocyte number (Table 1 , left columns). Western blot showed increased expression of ribosomal protein S6 and S6 phosphorylation (activation) in both heterozygous and homozygous rat glomerular extracts ( Figure 2D ). Figure 2E shows that phosphorylated S6 in homozygous AA-4E-BP1 glomeruli was predominantly localized to podocytes. Thus, expression of the AA-4E-BP1 transgene designed to reduce traffic through the 4E-BP1 pathway resulted in a compensatory increase in activity in the S6 pathway. However, there was no obvious reduction in expressed levels of podocyte proteins in transgenic rats, including nephrin, podocin, glomerular epithelial protein 1 (GLEPP1), and vascular endothelial growth factor ( Figure 2D ). Therefore, transgene expression appeared to be well compensated in both heterozygous and homozygous rats at 100 g.
However, by 1 year of age, most heterozygous and homozygous rats (male and female) had reached ESRD ( Figure 2F ). Therefore, podocyte-specific expression of the AA-4E-BP1 transgene under the direction of the podocin promoter that comes on late during the capillary-loop stage of glomerular development did not significantly alter podocyte structure or Figure 1 . Relationships between body weight and glomerular tuft volume (closed triangles) and body weight and total podocyte volume as measured by the GLEPP1-positive tuft volume (open squares). In wild-type Fischer 344 intact rats, glomerular tuft volume increased exponentially in relation to body weight gain in rats kept on an ad libitum diet. Podocyte volume also increased in relation to body weight gain, but not at the same rate as the glomerular tuft volume, representing an apparent mismatch developing between these two variables as body weight increases.
function in young rats, but conferred a markedly increased propensity to develop ESRD.
Body Weight Gain as a Driver of Increased Proteinuria and Glomerulosclerosis in Relation to the Transgene Dose, and Acceleration by Uni-nephrectomy Figure 3A shows the time course (starting at 100-g body weight and continuing for 14 weeks) of proteinuria for wild-type, heterozygous, and homozygous Fischer 344 rats both in the intact state and after uninephrectomy performed at 100 g of body weight. Intact wild-type rats did not have significantly increased proteinuria by 14 weeks. In contrast, uni-nephrectomy of wild-type rats caused normal urine protein excretion for 8 weeks, followed by a small but significant increase in proteinuria at 9 weeks that persisted until week 14. Intact heterozygous rats had no increase in proteinuria until week 5, after which they developed proteinuria. Nephrectomy of heterozygous rats resulted in normal protein excretion for 2 weeks and then an increase in proteinuria by week 3 after nephrectomy. Intact homozygous rats had normal proteinuria for 3 weeks and then developed increased proteinuria by week 4. Nephrectomy of homozygous rats resulted in a normal level of proteinuria for 1 week and then sharply increasing proteinuria thereafter until these animals developed ESRD by 9 weeks. Thus, in each case (except the intact wild-type rats) during the 14-week period of observation, there was normal protein excretion for a period of time, after which some threshold was crossed and urine protein excretion then increased. Figure 3B shows these same proteinuria data plotted against body weight. There is a weight threshold above which rats develop proteinuria (the "weight-proteinuria threshold"). This threshold varied depending on Figure 2 . Characterization of AA-4E-BP1 transgenic rats. (A) Expression of human 4E-BP1 by immunofluorescence (red) in podocytes as identified by WT1-positive nuclear immunofluorescence (green) in homozygous transgenic rats (upper panels) and wildtype rats (lower panels). The right two panels show DAPI-stained nuclei for the same images. n=3. Ab, antibody. Original magnification, 3160 (B) Western blots of protein extracts from isolated glomeruli of wild-type (WT), heterozygous (Het), and homozygous (Homo) rats. Note that the heterozygous and homozygous glomeruli contain hypophosphorylated lower-molecular-weight bands not seen in wild-type glomeruli (upper blot), and antihuman 4E-BP1 antibodies recognize bands in the heterozygous and homozygous rat glomerular extracts not present in wild-type extracts (middle blot). b-actin is shown as a reference loading marker. n=2 per experiment, with two experiments performed. (C) SEM (top panel) and TEM (bottom panel) images of homozygous AA-4E-BP1 rats, illustrating normal podocyte structure at 100-g body weight. n=4 for SEM and n=2 for TEM. Original magnification 32500. (D) Western blots of wild-type, heterozygous, and homozygous isolated glomerular extracts demonstrating increased S6 protein and phospho-S6 in heterozygous and homozygous rats compared with wild-type rats; there is no obvious difference in expression of podocyte products (nephrin, podocin, GLEPP1, and vascular endothelial growth factor [VEGF]). b-actin is shown as a reference loading marker. n=2 per experiment, with two experiments performed. (E) Glomerulus from a 100-g homozygous AA-4EBP1 rat developed for phospho-S6 immunofluorescence demonstrating predominant expression of phospho-S6 in podocytes as confirmed by WT1-positive (green) nuclei. The right panel shows DAPI-stained nuclei in the same image. n=3. the dose of the transgene and on whether the rats had been nephrectomized. For example, we previously reported that wildtype intact Fischer 344 male rats developed proteinuria at about 400 g. 8 Nephrectomized wild-type rats developed proteinuria at about 250-g body weight (a 40% lower weight-proteinuria threshold caused by nephrectomy). Similarly, nephrectomy reduced the weight-proteinuria threshold of heterozygous AA-4E-BP1 rats from about 210 to 140 g (a 35% reduction), and for AA-4E-BP homozygous rats from 190 to 100 g (a 47% reduction). Each rat strain therefore had its own weight-proteinuria threshold for the intact animal and an approximately 40%-50% lower weightproteinuria threshold if one kidney had been removed. Figure 3C emphasizes the linear relationship between weight gain and proteinuria, which is particularly well illustrated by comparing the nephrectomized homozygous and heterozygous transgenic rats. The slope for nephrectomized homozygous rats was twice that for heterozygous rats, thereby demonstrating a proportional gene dose effect not only on the weightproteinuria threshold but also on the weight-proteinuria slope. These data demonstrate that genes expressed only by the podocyte can have a remarkable effect both in lowering the weight threshold at which proteinuria and FSGS develop as well as the slope of the relationship between weight gain and proteinuria. Furthermore, reduction in nephron mass caused by nephrectomy lowers this weight-proteinuria threshold by about 40%-50% and increases the weight-proteinuria slope two-fold in a predictable way that depends on the podocyte's genetic profile. Figure 4 , A and B, shows Masson trichrome-stained histologic features at 14 weeks, together with quantitation of adhesions per glomerular tuft. Wild-type rats showed no detectable adhesions to the Bowman capsule by 7 weeks, but after nephrectomy 5% of glomerular tufts had adhesions by 14 weeks. Adhesions were present in increasing numbers in linear proportion to proteinuria in all groups ( Figure 4C ). Nephrectomized homozygous rats developed polyuria associated with the ruffled fur and reduced intake of food typical of Figure 3 . Relationship between proteinuria, age, and weight. (A) Time course (starting at 100-g body weight) for development of proteinuria of wild-type, wild-type uninephrectomized (NX), heterozygous, heterozygous uni-nephrectomized, homozygous, and homozygous uni-nephrectomized rats. Note that the time course of proteinuria varied depending on transgene dose and whether the rats had been uni-nephrectomized. (B) Same data plotted against body weight on the x-axis, demonstrating that as weight increases a weight proteinuria threshold is crossed; beyond this weight threshold, the proteinuria increases linearly in relation to weight gain. Nephrectomy reduced this threshold by 40%-50% for each rat strain (wild-type, heterozygous, or homozygous). (C) For the uni-nephrectomized rat strains, the slope of proteinuria versus weight gain in homozygous rats is approximately twice that for heterozygous rats under both nephrectomy and intact conditions, thereby demonstrating that the gene dose plays a critical role in determining both the weight proteinuria threshold and the relationship between weight gain and proteinuria. Data are shown as the mean 6 SEM. ESRD; they were euthanized at 9 weeks, by which time almost every glomerulus had adhesions to the Bowman capsule. Heterozygous transgenic rats developed adhesions in 35% of glomeruli by 7 weeks and 60% of glomeruli by 14 weeks after uni-nephrectomy ( Figure 4B ). Table 1 shows morphometric data documenting how glomerular tuft volume, the GLEPP1-positive (podocyte) area of the tuft, podocyte number, total podocyte volume, the glomerular volume per podocyte, and the tuft nonpodocyte volume change with normal growth in the intact rat on an ad libitum diet, and how this can be accelerated by nephrectomy. In wild-type intact rats, tuft volume increased 2.2-fold during the 14 weeks of growth, and nephrectomy caused a further increase in tuft volume to 3-fold above baseline. In rats whose podocytes carried the AA-4E-BP1 transgene, glomerular tuft volume increased to a greater extent than in wild-type rats, particularly after nephrectomy, to 4.8-fold and 8.1-fold in heterozygous and homozygous rats, respectively. The total podocyte volume (number 3 size) increased only 2.2-fold, 2.0-fold, and 1.4-fold in nephrectomized wild-type, heterozygous, and homozygous rats, respectively. Therefore, although the glomerular tuft volume that was not GLEPP1 positive (i.e., nonpodocyte tuft volume) increased 3.6-fold in wild-type nephrectomized rats (which was appropriate for the 3-fold increase in glomerular tuft volume), in heterozygous and homozygous transgenic rats the nonpodocyte glomerular volume increased 7-fold and 12.2-fold, respectively. Thus, the glomerular volume per podocyte increased 2.9-fold in the wild-type rats during the 14-week period but 16-fold in the heterozygous and 19.2-fold in the homozygous transgenic rats. Therefore, the total podocyte complement (number 3 volume) did not keep up with glomerular tuft enlargement, particularly after the added hypertrophic stimulus of nephrectomy. Collectively, these data strongly support the concept that in the presence of defective podocyte function, glomerular tufts have an enhanced capacity to enlarge in the presence of normal growth environment and after nephrectomy, whereas the podocyte number 3 size has a much more limited capacity for growth. This creates a "mismatch" between tuft volume and the podocyte complement, which was associated with development of proteinuria, adhesions to the Bowman capsule, and glomerulosclerosis.
SEM of glomeruli from both heterozygous and homozygous transgenic rats in this study showed areas of patchy absence of podocytes from the capillary loop surface ( Figure 4D ). At later time points, TEM showed that adhesions to the Bowman capsule had developed ( Figure 4E, upper panel) . By SEM, glomerular tuft could not be visualized because all capsules remained adherent to the tuft ( Figure 4E , lower panel), presumably because of adhesions. Of note, podocyte foot processes were not diffusely effaced, although there were localized areas of foot process effacement (not shown) and cyst formation within podocytes ( Figure 4E, upper panel) . This result is compatible with the hypothesis that as glomerular tufts enlarge the capacity of transgenic podocytes to hypertrophy and cover the glomerular capillary surface area becomes locally inadequate, so that podocytes pull apart to reveal bare areas of glomerular basement membrane (GBM). These lesions are the likely source of proteinuria and give rise to the adhesions to the Bowman capsule seen by light microscopy and TEM, as described by Kriz and LeHir. 16 This finding would also be consistent with the linear relationship between the proportion of glomerular tufts with adhesions and the degree of proteinuria ( Figure 4C) .
Urine podocyte biomarker analysis provides real-time information about podocyte stress and rate of loss. 6, 17 As shown in Figure 4F , the urine podocin-to-nephrin mRNA ratio (a measure of podocyte stress) was not statistically significantly upregulated after nephrectomy in wild-type rats but was significantly increased after nephrectomy in both heterozygous and homozygous rats. The urine podocin-to-aquaporin2 ratio (a measure of the rate of podocyte loss) was not detectably upregulated in nephrectomized wild-type rats but was increased by 3 weeks after nephrectomy to a greater extent in homozygous than heterozygous rats. We interpret this result to demonstrate that although podocyte number per tuft was not detectably reduced in glomeruli of heterozygous nephrectomized transgenic rats by 14 weeks (Table 1) , the rate of podocyte loss was increased, reflecting increased podocyte turnover in these animals where podocyte replacement was able to approximately keep up with the rate of loss. In contrast, in homozygous nephrectomized transgenic rats the higher rate of podocyte loss could not be compensated for and was therefore associated with a significant reduction in the number of glomerular tuft podocytes by 14 weeks (Table 1) .
Calorie Restriction Prevents Weight Gain, Glomerular Enlargement, Proteinuria, and FSGS If glomerular enlargement is driving the development of FSGS, we would hypothesize that prevention of glomerular growth would prevent development of proteinuria and FSGS in AA-4E-BP1 transgenic rats. To test this hypothesis, we used 300-g male heterozygous AA-4E-BP1 rats (to avoid exposing growing rats to the 40% reduced calorie diet). As shown in Figure 5A , 40% calorie restriction resulted in 20% weight loss to a weight of about 240 g (the average weight of male rats in the wild). 18 Rats fed ad libitum continued to gain weight. After nephrectomy, calorie-restricted rats did not develop proteinuria, adhesions to the Bowman capsule, or glomerulosclerosis ( Figure 5, B-D) . Morphometric analysis (Table 2) showed that in calorie-restricted rats, glomerular tuft volume did not increase, the podocyte complement as a proportion of the tuft volume did not change, and urine podocyte biomarkers did not show an increase in the rate of podocyte loss from glomeruli ( Figure 5E ). In contrast, ad libitum-fed transgenic rats showed increased volume of glomerular tufts, a decrease in the podocyte complement (number 3 volume) of glomerular tufts in proportion to glomerular volume, development of progressive proteinuria in relation to weight gain, increase in urine podocyte biomarkers, and FSGS. This result demonstrates that reduced nutritional signaling in the glomerulus has a powerful Figure 4 . Relationships between histologic features, proteinuria, and urine podocyte biomarkers in wild-type, heterozygous, and homozygous nephrectomized AA-4E-BP1 rats. Original magnification 360. (A) Masson trichrome-stained histologic sections at 7 weeks and 14 weeks after nephrectomy (at 100-g body weight). Homozygous rats were euthanized at 9 weeks because they developed uremic symptoms. (B) Proportion of glomeruli that contained adhesions at 7 and 14 weeks (9 weeks for homozygous nephrectomized rats). Het, determinative effect on whether glomerular enlargement occurs together with its downstream consequences in terms of podocyte stress and loss, development of proteinuria, adhesions, and FSGS. This result also strongly supports the mismatch hypothesis. 8 This finding raises the possibility that failure of podocyte hypertrophy to match glomerular enlargement could potentially drive development of glomerulosclerosis. To test this concept, we engineered transgenic rats to selectively compromise the capacity of their podocytes to respond to hypertrophic stress. The resulting enhanced sensitivity of these transgenic rats to develop proteinuria and FSGS in response to both body growth (weight gain) and nephrectomy, and the prevention of these events by reducing nutritional signaling by calorie restriction, strongly supports the "mismatch" hypothesis.
DISCUSSION
The mechanism by which proteinuria occurs in the AA-4E-BP1 model appears to be by mechanical failure of the podocyte epithelial layer. The integrity of the glomerular filtration surface requires exact coverage of the GBM surface by podocyte foot processes. As tufts hypertrophy in response to growth, the filtration surface area increases; thus, in the setting of reduced capacity to hypertrophy, the podocyte interdigitating foot processes eventually pull apart at certain sites to expose bare areas of GBM. These bare areas of glomerular capillary surface facilitate protein leak and are where adhesions to the Bowman capsule then develop (as demonstrated by Masson trichrome staining at the light microscopic level and by TEM).
These events lead to development of FSGS lesions and progression to glomerulosclerosis in the sequence described by Kriz and LeHir. 16 The linear relationship between the adhesions and proteinuria is compatible with a direct causative relationship.
Morphometry data emphasize that glomerular tuft volume increases more in transgenic rats than in wild-type rats, and in homozygous transgenic rats versus heterozygous transgenic rats. Therefore, wild-type rats were better able to control glomerular tuft volume in the presence or absence of hypertrophic stress compared with transgenic rats, and heterozygous rats were better able to control glomerular tuft volume compared with homozygous rats. There was therefore a transgene dose-dependent effect. This must mean that one job of the normal podocyte is to control tuft volume, and that it requires active podocyte function by an unidentified mechanism to achieve this important regulatory process. Thus, the mismatch resulting from podocyte loss or dysfunction is a compounded result of both a reduction in effective podocyte volume (size 3 number) and an increase in glomerular tuft volume. The mechanism by which this loss of tuft volume control occurs is not yet identified but could provide an important target for intervention to prevent progression.
We demonstrate a remarkable direct linear relationship between body weight gain and development of proteinuria and glomerulosclerosis, and how this relationship is affected by podocyte-specific expression of gene variants, which compromise podocyte capacity to adapt to hypertrophic stress. This result is compatible with the general concept that every individual has a body weight above which proteinuria will develop (the weight-proteinuria threshold). The development of proteinuria and FSGS for any individual will therefore depend on several variables: (1) body weight and closely associated glomerular tuft volume (governed by both genetic and environmental factors); (2) nephron number (influenced by birth weight and maternal and genetic factors, as well as by loss of renal mass caused by nephrectomy [such as occurs in kidney donation, transplantation, and cancer surgery]); (3) the genetically endowed capacity of their podocytes to adapt to hypertrophic stress; and (4) accelerated loss of nephrons or podocytes caused by diverse disease mechanisms (both genetic and heterozygous; Homo, homozygous; Wt, wild-type. *P,0.05 and **P,0.01, as assessed by Kruskal-Wallis test and then Scheffe's test. (C) There was a direct relationship between the urine protein-to-creatinine ratio and the proportion of glomeruli that contained adhesions. (D) SEM images from heterozygous nephrectomized rats demonstrating that foot processes were mostly intact (upper left panel) but that glomeruli contained patches of bare GBM where the foot processes had apparently been pulled apart (three examples shown). Foot processes abutting these areas remained relatively intact. Original magnification 34000. (E) Upper panel shows a TEM image demonstrating two adhesions (arrows) distant from the pole of the glomerulus (P), and podocytes adjacent to these areas contained granules and cysts (arrowheads). Most capillary loops were lined by intact foot processes, although occasional areas of effaced foot processes were present (not shown). Also shown are plump parietal epithelial cells adjacent to the adhesions. Original magnification 3260. Glomerular tufts could not be visualized by SEM because capsules remained attached to the tuft, presumably because of adhesions (lower panel). Original magnification 370. (F) Time course of urine protein-to-creatinine ratio (upper panel), urine podocin-to-nephrin mRNA ratio as a measure of podocyte stress (middle panel), and urine podocin-to-aquaporin2 mRNA ratio per as a measure of the rate of podocyte loss into the urine. Note that there was no measurable increase in the rate of podocyte loss in wild-type rats, although podocyte stress was increased throughout the 14-week observation period. In contrast, podocyte stress was markedly increased in both heterozygous and homozygous rats, and the rate of podocyte loss was higher in homozygous than in heterozygous rats. As homozygous rats reached ESRD, glomeruli became depleted of podocytes, as reflected by a reduced rate of podocyte loss. Data are shown as the mean 6 SEM. Male rats at 100 g either nephrectomy or remained intact. The kidneys obtained by nephrectomy at 100 g were used as a baseline. After 14 weeks on an ad libitum diet, rats were euthanized (with the exception of the homozygous nephrectomy group, which reached ESRD and were euthanized at 9 weeks after nephrectomy). Morphometric variables were measured as shown in the table. The P values for each data set in the upper line compare values within each group. P values are shown in three columns. The left column compares 100-g rats to the intact rat 14 weeks later. The middle column compares the intact rat at 14 weeks to the nephrectomized rat at 9 weeks. The right column compares the nephrectomized rat at 9 weeks to the 100-g rat at 0 weeks. The P values shown for each data set in the lower line compare data for the same variables between wild-type, heterozygous, and homozygous groups. The P values in the wild-type column show values comparing wild-type to heterozygous rats. The data in the middle columns compare heterozygous rats to homozygous rats. The values in the homozygous columns compare homozygous rats to wild-type rats. NX, nephrectomy; WT, wild-type; GV/P, glomerular volume per podocyte. 19 although the key role of the podocyte in these relationships is not well recognized. Understanding the biology behind these relationships can provide improved opportunities for targeted therapeutic intervention to prevent progression.
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The mechanism of podocyte depletion demonstrated by this model system is different from direct podocyte damage and death causing reduced podocyte number, leading to podocyte depletion and glomerulosclerosis. 2, 4, 6 Growth-associated podocyte failure provides a mechanistic explanation for a separate group of diseases leading to FSGS or global glomerulosclerosis. These include (1) obesity and large body size, associated with proteinuria, glomerulomegaly FSGS, and progression to ESRD for all causes; [20] [21] [22] [23] (2) idiopathic FSGS and FSGS due to known genetic causes that are most prevalent during periods of rapid growth in childhood and adolescence; (3) nephronopenic and glomerulomegalic conditions (congenital and acquired); 24 and (4) diabetic glomerulosclerosis, in which glomerulomegaly occurs in the setting of diabetes-associated renal hypertrophy, leading to reduced podocyte density and subsequent podocyte loss. [25] [26] [27] [28] [29] The remarkable enhancement of FSGS caused by increased body growth in rats fed an ad libitum diet (and the even more remarkable total protection against FSGS caused by calorie restriction) could help explain the increased prevalence of FSGS reported in diverse ethnic populations [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] in the setting of a worldwide increase in body mass index. 40 The data are compatible with the concept that dietary modification and therapeutic modulation of growth/nutrition signaling pathways could be powerful adjunctive strategies to prevent progression of kidney diseases.
CONCISE METHODS
All animal studies were approved by the University of Michigan Committee on Use and Care of Animals. Male Fischer 344 rats (Harlan, Indianapolis, IN) fed an ad libitum diet were Figure 5 . Effect of calorie restriction in preventing podocyte stress, podocyte loss, and adhesion formation in 300-g nephrectomized heterozygous AA-4EBP1 rats. (A) Forty percent calorie restriction resulted in loss of about 70 g in weight, whereas ad libitum-fed rats continued to gain weight over the 16-week period of observation. (B) Urine proteinto-creatinine ratio remained at baseline in calorie-restricted rats and increased in ad libitum-fed rats. (C) Representative Masson trichrome-stained sections illustrating the development of adhesions present in ad libitum-fed rats, which were not present in calorie-restricted rats. Original magnification 3110. (D) Quantitation of the adhesions. *P,0.05, as assessed by t test. (E) Both the urine podocin-to-nephrin mRNA ratio as a measure of podocyte stress and the urine podocin-to-aquaporin2 ratio as a measure of the rate of podocyte loss remained at baseline in calorie-restricted rats but increased in ad libitum-fed rats. Data are shown as the mean 6 SEM.
used for these experiments because they do not spontaneously develop diabetes or hypertension. Calorie restriction was as previously described using the National Institute on Aging rat protocol and pellets purchased from this agency for this purpose as previously described. 8 Urine was collected weekly using metabolic cages. Systolic BP; serum and urine creatinine, urine protein, and urine mRNA assays; and Western blots of glomerular extracts under reducing conditions were as previously described. 2, 4, 6, 8 
AA-4E-BP1 Fischer 344 Rat Model
The AA-EFI4EBP1 cDNA, a double point mutant of EFI4EBP1 at phosphorylation sites A37 and A46, was isolated from a pACTAG-2-h4E-BP1 plasmid kindly provided by Dr. Anne-Claude Gingras. 13 The AA-EFI4EBP1 cDNA was inserted at the 39 position of the 2.5-kb human podocin (Nphs2) promoter at the NcoI site of plasmid p2.5P-nlacF, which we previously showed drives podocyte-specific LacZ expression in mice and human diphtheria toxin receptor expression in rats. 4, 41 The podocin promoter/AA-EFI4EBP1 Tg construct was isolated from plasmid (p2.5PnLacF_EFI4EBP1 Thr37Ala/Thr46Ala) by XbaI/HindIII restriction enzyme digestion and injected into the pronuclei of fertilized Fischer344 rat ova using standard techniques. Three Tg founders were obtained, only one of which (#110) produced Tg offspring. Transgenic rats were identified by PCR analysis of tail DNA using the primer pair: p2.5_EGFdetect.fwd (59-ACCCGACGG-TCTTTAGGG-39); h4E-BP1_FixB.rev (5-ATCCCCCATGGATTCCTTG AGCACA AGTCTCT CTTAAATGTCC ATCTCAAA CTGTGACTC-3), which produced a 550-bp amplicon. Crossing of heterozygous AA-4E-BP1 transgenic rats resulted in the expected ratio of 1:2:1 wild-type: heterozygous:homozygous offspring ratios (data not shown).
Reagents and Antibodies
The following primary antibodies were used for immunofluorescence and Western blot. Nephrin and podocin (rabbit polyclonal) were supplied by Dr. Lawrence Holzman. GLEPP1 (also more recently designated in the tyrosine phosphatase literature as PTPro [protein tyrosine phosphatase ro]) mouse monoclonal antibody was raised against the recombinant rat GLEPP1 extracellular domain and used as described previously. 2 
Histomorphometry
Immunofluorescence and immunoperoxidase staining were performed as previously described. 2, 4, 6, 8 All histologic testing was performed on paraformaldehyde-lysine-periodate-perfused and fixed paraffin-embedded tissue sectioned on a Reichert-Jung 820-II microtome (Cambridge Instruments, Nussloch, Germany). For quantification of glomerular tuft adhesions, 3-mm sections were stained with Masson trichrome and read by a blinded observer. The proportion of glomeruli demonstrating adhesions in 100 consecutive glomeruli was measured. Glomerular volume was estimated by measuring the mean glomerular radius (r) using the Metamorph Imaging program, and then using the Weibel formula to calculate the mean maximal tuft radius (R) and hence the mean glomerular volume (4/3pR 3 ) as previously described. 42 For measurement of GLEPP1-positive area, 50 consecutive glomerular tuft areas were measured and the percentage of each glomerular tuft that stained positive using GLEPP1 immunoperoxidase was measured using the Metamorph Imaging program as previously described. 6 The mean GLEPP1-positive (podocyte) volume per glomerulus was estimated by multiplying the mean glomerular volume by the mean percentage of GLEPP1-positive area. The number of podocytes per glomerular tuft was measured using WT1 immunofluorescence, as previously described. 6 The mean individual podocyte volume was estimated by dividing the mean GLEPP1-positive tuft volume (estimated as outlined above) by the mean podocyte number per tuft. The nonpodocyte volume was estimated by subtracting the mean podocyte volume from the glomerular volume.
Transmission and SEM Analysis
The kidney samples were fixed with Sorensen phosphate buffer containing 4% paraformaldehyde and 2.5% glutaraldehyde. The processed samples were analyzed by Philips CM100 TEM and AMRAY 1910 field emission SEM.
Western Blot and Antibodies
Glomeruli were isolated as previously described. 2, 4 Purified glomeruli from one rat was lysed in lysis buffer (10 mM Tris-HCl [pH, 7.5], 100 mM NaCl, 1% NP-40, 50 mM NaF, 20 mM b-glycerophosphate, 2 mM EDTA, 1 mM dithiothreitol, 1 mM PMSF, 10 mg/ml leupeptin, and 10 mg/ml aprotinin) as a lysate sample. Lysates were then boiled in SDS sample buffer (20 mM Tris [pH, 6.8], 8% SDS, 0.05% bromophenol blue, 40% glycerol, 20% 2-mercaptoethanol) and subjected to SDS-PAGE and Western blotting according to standard techniques.
Urine mRNA Analysis
Urine was collected in metabolic cages and the overnight urine pellet was used for purification of RNA; production of cDNA; and quantitation of podocin, nephrin, and aquaporin2 cDNAs as previously described. 6,17
Statistical Analyses
All results were presented as mean 6 SEM except where otherwise noted. Differences among two groups was tested by a t test and, among more than two groups, by Kruskal-Wallis test. When the result of the Kruskal-Wallis test was significant, a Scheffe test was carried out for post hoc analysis. For data shown in the tables, an unpaired t test was used for most comparisons; for comparisons of data from the same animals, a paired t test was used.
